1 0 1 that proximal positioning of the plate may lead to impingement 5,28 , and there are many The objective of this study was to systematically quantify locking plate-subacromial This experiment was performed in three phases (Figure 1 ). First, a controlled dynamic 1 1 6 cadaveric model was created to record impingement events during simple abduction motions.
Second, a validated musculoskeletal model of the upper extremity was used to identify the onset 1 1 8 of subacromial impingement. In this computational setting, a series of controlled abduction 1 1 9 motions were simulated while variables of plate placement, acromial geometry, and humerus 1 2 0 center of rotation (COR) were systematically changed. Third, kinematics associated with nine 1 2 1 activities of daily living (ADLs) in healthy patients were recorded with 3-D motion capture. Shoulder joint angles were compared to simulation outputs and high risk ADLs were identified. Four cadaveric upper extremities (2M, 2F, mean age 66.75 years) were used in this study. Shoulder joints were isolated and the humerus was amputated at the midshaft. All unnecessary 1 2 6 soft tissue was removed from each specimen and the distal humerus was potted in polycarbonate DePuy Synthes, West Chester, PA) were securely fixed on the humeri per manufacturer 1 2 9 guidelines with two bicortical screws (3.5 mm diameter, 35 mm length). 10 A fracture was not 1 3 0 simulated and no screws were inserted into the humeral head because this study focused solely Several preparatory steps were required to track joint kinematics and detect subacromial Inc., South Boston, MA) were covered with a patch of cellophane tape that extended beyond the bearing. This assembly was attached to a second sled via a universal joint. The second sled was 1 5 0 allowed to translate on a linear bearing that was angled 60° relative to horizontal. A rope and 1 5 1 pulley connected the sled to the rotational actuator of a universal test frame (ElectroForce 5500, 1 5 2 TA Instruments, New Castle, DE). Initial shoulder angles were controlled by rotating the 1 5 3 scapula in the vise and re-clamping, and dynamic simulations of 20° of abduction were 1 5 4 performed in 5 seconds. Adjustments were made to the initial scapular position within the vise 1 5 5 until an impingement event was created. Scapular and humeral motions were tracked in real time using a 6-camera motion capture 1 5 7 system (Optitrack, NaturalPoint, Inc., Corvallis, OR) calibrated to 0.2 mm accuracy. Five To determine scapulohumeral joint angles, simplified representations of each cadaveric 1 6 3 humerus and scapula were created in a simple 2 body, 6 degree-of-freedom, OpenSim model. 9
The on-board geometry files of the humerus and scapula were scaled to represent the cadaveric data from the pressure sensor measurements were synchronized with the marker trajectory data, 1 7 2 and initiation of impingement was identified by distinct increases in compressive forces. motions that are not easily recreated in a cadaveric setting and provided the ability to make smooth execution of complex shoulder motions, but it utilizes nomenclature that is substantially 1 8 0 different than clinical standards. For the purpose of clarity, results will be described in the (Figure 3) . Position of the plate on the humerus was varied from a neutral 1 8 5 location using two parameters: 1) proximal-distal displacements (-10 to +10mm in 5mm 1 8 6 increments) and 2) plate thickness (0 mm, 2.5mm, and 5.0mm). Acromial tilt and slope were 1 8 7 changed between 20-35° in 5° increments. Finally, the humeral head COR ranged from neutral 1 8 8 to +5.0mm proximal in 2.5mm increments. This step was performed because the model utilizes Twenty-three unique simulations were executed to cover the entire range of motion of the 1 9 2 shoulder joint ( Figure 3 ). For each simulation, the initial cross-body adduction angle was 1 9 3 systematically adjusted from -90° to 130° in 10° increments. With this pose established, the arm 1 9 4 was lowered to 0° abduction and raised to180°. The on-board OpenSim elastic foundation 1 9 5 contact algorithm was used to detect impingement between the plate and the acromion. Shoulder 1 9 6 joint angles were recorded at the moment these collisions occurred. Results were pooled, and the 1 9 7 parameters that were present during impingement were identified. Eight healthy young subjects with no history of shoulder injuries or pain (4 M, 4 F, mean age 2 0 0 21.5 years) performed nine commonly performed ADLs 23 after providing written informed 2 0 1 consent in this IRB approved study. Upper extremity kinematics were measured using a 12-2 0 2 camera motion capture system (Raptor Series, Motion Analysis Corp, Santa Rosa, CA). Reflective markers (9.5mm, B&L Engineering, Santa Ana, CA) were adhered bilaterally using 2 0 4 skin-safe tape covering the 7 th cervical vertebra, sternum, acromion, elbow epicondyles, and 2 0 5 ulnar and radial styloid processes. Subjects stood upright with their arms straight and shoulders 2 0 6 -11 -at 90° abduction and external rotation to scale the subject-specific musculoskeletal models.
0 7
Marker labeling was visually confirmed, gaps were filled using cubic-spline interpolation, and 2 0 8 marker trajectories were filtered. Shoulder kinematics were calculated using the same 2 0 9 musculoskeletal model used in Phase 2. Analysis of the root mean squared, total squared, and 2 1 0 maximum error indicated that this model created was a good representation of the experimental 2 1 1 kinematics. Using a boot-strapping technique, 95% confidence intervals for elevation angle, 2 1 2 abduction, and internal rotation were calculated for each ADL. Results were compared to 2 1 3 computational predictions of impingement based on joint angle. The cadaveric experiment measures were made in terms of scapulohumeral angulation. Computational output measures were made in terms of thoracohumeral angles. Impingement only occurred when cross-body adduction angles were set between 10° to 50°, with 2 2 5 a mean of 31.4°±9.6°. (Figure 4A ). More than one-in-ten simulations of this range of motion, 2 2 6 (368 out of 3,600 simulations) exhibited impingement, which occurred between 56° and 178° of 2 2 7 abduction, with an average of 92.0°±34.0° ( Figure 4B) . Although it is possible to have 2 2 8 impingement when the plate is placed distally (18.4%), 73% of impingement events occurred 2 2 9 when the plate was moved proximally beyond the neutral location (Table 1) . Similarly, increases 2 3 0 in plate thickness led to increases in impingement events. Decreases in acromial tilt led to higher 2 3 1 rates of impingement, with 84% of impingement events occurring when tilt was set to either 20° 2 3 2 or 25°. Changes in acromial slope had no impact on the likelihood of impingement. Finally, 2 3 3 proximal shifts of the humeral head COR also led to increases in impingement. For the sake of 2 3 4 simplicity, these results have been presented on a variable-by-variable basis, but, complex 2 3 5 relationships exist within this data set. For more information regarding these relationships, the reader is referred to the Appendix B in the supplementary material. Of the 9 activities of daily living that were recorded, only 3 motions produced shoulder The cadaveric jig developed in this experiment is unique. Existing abduction simulators 2 7 0 often consist of a large, custom-made, semi-circular ring to guide abduction motions. 3,17 This 2 7 1 existing design provides the ability to simulate muscle-driven motions over large ranges of 2 7 2 motion; however, it also makes the rig both expensive and cumbersome. The rig developed in the-shelf, components for less than $1000 and can fold down to size for easy storage. The musculoskeletal model developed in this study is also noteworthy. A variety of 2 7 8 previous shoulder simulators have been developed to estimate muscle loads during motions and 2 7 9 to investigate implant stresses and strains. 6, 15, 24, 31 To our knowledge, this model represents the 2 8 0 first attempt to create a model that is tailored specifically to change surgical and anatomic 2 8 1 variables related to locking plate impingement. Changes to 4 of the 5 anatomic and surgical 2 8 2 variables resulted in differences in subacromial impingement timing. Interestingly, changes to 2 8 3 acromial slope did not have an effect on the model. As mentioned previously, the acromial slope 2 8 4 is determined by calculating the supplement of the angle between the postero-inferior edge, the 2 8 5 inferior aspect, and antero-inferior edge the acromion. In order to make an adjustable acromial 2 8 6 slope within the model, a "hinge joint" was placed at the inferior aspect of the acromion. Post-2 8 7 hoc analysis of simulation outputs show that collisions between the plate and the acromion 2 8 8 always occurred in the area posterior to the location of this "joint." 
